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Fluorescence spectra, excitation spectra, and fluorescence lifetimes are reported for a series of BaYFs
crystals doped with Eu?*, Er**, or Ho**, or codoped with Eu?* and either Er** or Ho** ions. These
data were obtained as a function of concentration of active ions and temperature. The rate and
efficiency of energy transfer between pairs of ions is obtained and the mechanism for energy transfer is

found to be electric dipole-dipole interaction. In
determined for Er** in this host.

Introduction

Doped fluoride crystals of the type
BalLnFsand BaLn,Fg(Ln =1La, - - - Lu, and
Y) are an important class of materials for
laser, phosphor, and upconversion applica-
tions (/-5). These host crystals can be si-
multaneously doped with divalent and tri-
valent rare earth ions. The former have
strong, broad absorption bands ideal for op-
tical pumping while the latter have sharp
emission lines with much longer lifetimes
ideal for generating stimulated emission. To
make optimum use of these properties in
designing materials for specific applica-
tions, it is important to characterize the
process of energy transfer taking place be-
tween these two types of ions. This paper
describes the fluorescence properties of
BaYFs: Eu?*, BaYFs:Eu?*,Er**, and
BaYF;Eu?* Ho** and presents the char-
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addition, multiphonon radiationless decay rates are
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acteristics of energy transfer between Eu%*
and the trivalent rare earth ions in the latter
two crystals.

The samples were prepared by solid state
reaction of a stoichiometric mixture of fluo-
rides in a pure nitrogen flow or N»/H, mix-
ture. The stoichiometric mixtures were
loaded in graphite capsules and fired for
about 20 hr at 1000°C. The BaYFs samples
were checked by X-ray diffraction and
found to be cubic with a unit cell dimension
of 5.9 A.

The samples were mounted in a cryo-
genic refrigerator capable of controlling the
temperature between 10 and 300 K. For flu-
orescence spectra and lifetime measure-
ments, excitation was provided by a nitro-
gen laser pulse 10 ns in duration and 1.0 A
in half width centered at 337.1 nm. The
emission was focused onto the entrance slit
of a 1-m Spex monochromator set for a res-
olution of 1 A. The signal was detected by a
cooled RCA C31034 photomultiplier tube
and analyzed by an EGG/PAR boxcar inte-
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F1G. 1. Fluorescence spectra of Eu?* in BaYF; at 4
us after a nitrogen laser excitation pulse.

grator before being displayed on a strip-
chart recorder. The boxcar window was ei-
ther set to give time-resolved spectra or
scanned to determine lifetimes. Excitation
spectra were obtained with xenon lamp ex-
citation.

Experimental Results

Spectra of BaYFs: Eu**

The excitation spectra of the three Eu?*-
doped samples consist of two broad bands
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at approximately 260 and 332 nm which are
similar to Eu?* absorption bands reported
in other host crystals. The nitrogen laser
excitation efficiently pumps the low-energy
absorption band. Figure 1 shows the fluo-
rescence spectra of Eu?t in BaYFs at 4 us
after the excitation pulse for three doping
concentrations at both high and low tem-
peratures. Each spectrum consists of a
broad band in the near UV spectral region
as is common for Eu?* in other strong crys-
tal field hosts. This is due to the allowed
transition from the lowest level of the
4f%5d" configuration to the ground state of
the 4f7 configuration. The emission bands
shown in Fig. 1 are broadened and shifted
to lower energy as temperature is increased
and as concentration of Eu?* is increased.

The fluorescence decays for these sam-
ples were observed to be single exponen-
tials with lifetimes less than a microsecond.
These are listed in Table 1. They were
found to be independent of temperature and
are typical magnitudes for parity- and spin-
allowed transitions.

Spectra of BaYFs: Eu*t Er3*

The room-temperature fluorescence
spectrum of BaYFs: Eu?*,Er’* after pulsed
nitrogen laser excitation is shown in Fig. 2.
The spectrum consists of two features: the
first is the broad Eu?* band similar to that

TABLE 1
Eu**-Er** DEcay TIME AND ENERGY TRANSFER PARAMETERS (300 K)

Sample

(mole %) 7(us)

1(us) ]
Eu Er Eu Er Er n w(us™") Ro(A)
0.5 0.0 0.71
1.0 0.0 0.50
50 0.0 0.21
0.5 0.5 0.55 0.225 0.41 9.0
0.5 1.0 0.50 0.296 0.59 7.6
0.5 3.0 0.34 370 54 0.521 1.53 7.7
0.5 5.0 0.24 0.662 2.56 6.8
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F1G. 2. Fluorescence spectrum of BaYFs: Eu** Er**
at room temperature.

seen in Fig. 1; the second is the series of
sharp lines associated with the 4/-4f transi-
tions of the Er’* ions. The set of lines in the
540- to 560-nm spectral region corresponds
to transitions between levels of the *S;;,—
41,5, manifolds; those in the 522- to 535-nm
region correspond to 2H;;,—*I;s, transi-
tions; and the blue emission lines are asso-
ciated with the 2Hg,—I;s5 transitions. The
latter are weak but grow with increasing
Er3* concentration. The red emission of
Er3* associated with the *Foo—*1;s, transi-
tions which is seen in other hosts is not
observed in BaYF; at either high or low
temperature under UV excitation. This
may be due to reduced multiphonon relaxa-
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Fi6. 3. Room-temperature excitation spectra of Er**
emission of two samples at 540 nm with 0.5 mole%
Er**. One sample contained no Eu?* (broken line) and
the other contained 0.5 mole% Eu?*.
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F1G. 4. Relative intensity of the Eu?* emission at 380
nm and the Er3* emission at 540 nm for samples of
BaYF; containing 0.5 mole% Eu?* as a function of X
mole% Er** at room temperature.

tion rates in this host as discussed below.
Infrared emission was not investigated.

Figure 3 compares the room-temperature
excitation spectra of Er** in BaYF;s samples
with and without Eu?*. Several sets of
sharp lines belonging to Er’** absorption
transitions are observed in both spectra
while the broad Eu?* absorption band ap-
pears only in the Eu?*-doped sample. These
results show that efficient energy transfer
occurs from Eu?* to Er** ions in BaYFs.

Figure 4 shows the fluorescence intensi-
ties of the Eu?* emission at 381 nm and the
Er** emission at 540 nm plotted as a func-
tion of the Er’* concentration in BaYF; at
room temperature. The Eu* concentration
is fixed at 0.5 mole% in these samples. The
intensity of Er’* emission increases while
that of Eu?* decreases with increasing Er*
concentration up to about 3 mole%. This
can be attributed to increased energy trans-
fer efficiency as the average separation be-
tween Eu?t and Er’* ions decreases. At
higher concentrations, the Er** emission in-
tensity also decreases due to interactions
between neighboring Er** ions.
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FiG. 5. Temperature dependence of the fluorescence
lifetimes (circles) and rise times (squares) of Er’* ¢S,,
emission in BaYFs: Eu?*,Er’* containing 0.5 mole%
Eu?* and 3.0 mole% Er**.

The fluorescence decay patterns of Er’t
after nitrogen laser excitation exhibit an ini-
tial rise and then an exponential decay. The
temperature dependences of the rise and
decay times are shown in Fig. 5 and the
measured values are listed in Table 1.
Above about 100 K, the rise and decay
times decrease similarly with increasing
temperature. As temperature is lowered be-
low 100 X the rise time continues to in-
crease while the lifetime tends toward a
constant value, The temperature depen-
dence of the fluorescence lifetime is associ-
ated with the change in the rate of the
multiphonon radiationless relaxation pro-
cess from the 4S,;, level to the ‘I, level.
This is described by (6-10)

We= W, + W, 1
with
W = WO)[hHT/(e™ — P (2)
where
W(0) = Ce4E, 3

Here Wi, W,, and Wy, are the fluorescence,
radiative, and nonradiative decay rates, re-

spectively. The latter is treated as the emis-
sion of p phonons of energy fiw needed to
cross an energy gap AE = pfiw. W(0) is the
zero temperature rate for the muitiphonon
process and C and « are parameters associ-
ated with the specific host material. For the
case of interest here, the energy gap is ap-
proximately 3030 cm~!. The value for the
maximum pkonon energy in BaYF; has not
been measured but should be of the order of
350 cm™! as found for other fluoride crys-
tals. This assumption leads to a p = 9
phonon process. Using these values in Egs.
(1) and (2), a good fit to the observed tem-
perature dependence of the fluorescence
lifetime can be obtained for values of W, =
1.44 X 103sec 'and W, = 0.17 X 103 sec™!.
For other fluoride crystals the value of «
has been determined to be close to 4 x 1073
cm (6). Using this value in Eq. (3) gives a
value for C of 3.1 x 107 sec~!. This is con-
sistent with the results of Johnson and Gug-
genheim on BaY,F; crystals (10). The fact
that W, is an order of magnetude larger than
W, at low temperatures is consistent with
the fact that no fluorescence is observed
from the *ly level.

There can be two possible origins for the
observed rise times in the fluorescence
emission patterns. The first is the process
of energy transfer from Eu?* to Er’* and
the second is the process of radiationless
relaxation from the higher energy levels of
Er?* down to the *S;, metastable state. The
dominant contribution to the observed rise
time is due to the process having the smali-
est transition rate. In both cases the expres-
sion for the rise time ¢, is

tr = (W,— Wyl In(W,/Wp 4)

where W, is either the energy transfer rate
for the radiationless relaxation rate. The
value for the energy transfer rate can be
found from the quenching of the Eu?* fluo-
rescence lifetime as discussed below. If the
value found in this way is substituted into
Eq. (4) for W, the predicted value for ¢, is
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Fic. 6. Fluorescence spectra of Eu?* in BaYF;:
Eu?* Er’* containing 0.5 mole% Eu?* and various
concentrations of Er** at room temperature.

much smaller than the observed value.
Thus the rise time is associated with a bot-
tleneck in the multiphonon decay from the
excited states in Er3* after energy transfer
has occurred. Using the measured values of
the fluorescence decay times and the riseti-
mes in Eq. (4), values for the nonradiative
decay rate can be determined. Extrapolat-
ing this to low temperatures gives W'(0) =
1.6 x 10° sec~!. Although this represents
the combined results of several different
multiphonon decay processes across differ-
ent size energy gaps, the dominant contri-
bution will come from the process with the
largest energy gap. For relaxation after
pumping through energy transfer from
Eu?*, the largest gap will be between the
2Hy, and *F;; levels which is approximately
AE = 2500 cm~!. Using this in Eq. (3) along
with the values of C and « found from ana-
lyzing the temperature dependence of the
fluorescence decay time gives a predicted
value for W'(0) of 1.4 x 103 sec™!. This is
almost exactly the value determined from
the rise-time data and is significantly
smaller than the energy-transfer rate. Thus

the observed risetime is definitely associ-
ated with slow nonradiative relaxation pro-
cesses and the assumptions made in analyz-
ing the temperature dependence of the
fluorescence decay time appear to be valid.

Figures 1 and 3 show that there is excel-
lent overlap between the Eu?' emission
band and the “I;s,—*Gy;» absorption transi-
tions of Er3*. This can produce both radia-
tive and radiationless energy transfer. Evi-
dence for the radiative-transfer mechanism
is provided by the reabsorption dips in the
Eu?* emission band corresponding to the
*I15n—*G4;, absorption transitions of Er** as
shown in Fig. 6. The area of the reabsorp-
tion dips increases with Er’* concentration.

Evidence for radiationless energy trans-
fer is provided by the change in the decay
pattern of the Eu?* fluorescence with in-
creasing Er’* concentration as shown in
Fig. 7. The Eu?** becomes nonexponential
at high Er3* concentrations and the lifetime
becomes much shorter. The measured val-
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Fi16. 7. Change in the Eu?* decay patterns as a func-
tion of Er’* concentration at room temperature in
BaYFs: Eu?*,Er** crystals containing 0.5 mole% Eu?*
and Er’* concentrations of (1) 0.0 mole%; (2) 0.5
mole%; (3) 1.0 mole%; (4) 3.0 mole%; and (5) 5.0
mole%. (See text for explanation of theoretical lines.)
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F1G. 8. Variation of Eu?*-Er’** energy-transfer rate
with the square of the total concentration of doping
ions at room temperature. The Eu?* concentration was
fixed at 0.5 mole% and the Er’* concentrations were
0.5, 1.0, 3.0, and 5.0 mole%.

ues of the lifetimes are listed in Table 1. The
efficiencies (n) and rates (w) of radiationless
energy transfer were calculated from the
lifetime data using the expressions

w=7"!-71" (5)
n= ot} ()

where 7, is the intrinsic lifetime of the sen-
sitizer and 7 is the lifetime of the sensitizer
in the presence of the acceptor. The life-
time of the sensitizer in the presence of the
acceptor. The values obtained for w and 7
are listed in Table 1.

The mechanism for radiationless energy
transfer between Eu?* and Er’** can be de-
termined using the theory developed by
Forster (/1) and extended by Dexter (/2)
and Inokuti and Hirayama (13). In this the-
ory the decay profile of the sensitizer after
pulsed excitation is given by

I(t) = I(0)exp[—ti1y,
— (1 = 3/s)(CulCo)titso)*]  (7)

where 7, is the intrinsic lifetime of the sen-
sitizer emission, C, is the activator concen-
tration, C, is the critical energy-transfer
concentration, and s is a number indexing
the different types of electric multipole-

multipole interaction. This can be used to
analyze the sensitizer decay patterns in Fig.
7. The best fits to the data found using Eq.
(7) are shown as solid lines. For the four
double-doped samples the best theoretical
fits were found using a value of s = 6 which
implies dipole—dipole interaction. The criti-
cal energy transfer concentration was
treated as an adjustible parameter and fit-
ting the data yields an average value of R,
= [(4/3)7Cy]"® = 7.6 A. This critical trans-
fer distance is related to the transfer rate by

0 = To(Ry/Rsa)° ®

where Rg, is the separation between sensi-
tizer and activator ions. Using the values of
w listed in Table I obtained from lifetime
quenching measurements and the value of
R, obtained above, Eq. (8) gives an average
sensitizer—activator separation ranging
from 9.3 to 7.4 A for these samples.

The values obtained for R, and w are
physically reasonable for energy transfer
between a divalent and trivalent rare earth
ion but it is not possible to obtain an accu-
rate theoretical prediction for these values
because a quantitative absorption spectrum
cannot be obtained on the small crystallite
samples presently available. An additional
check on the interpretation of the energy
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FiG. 9. Room-temperature fluorescence spectra of
BaYF;: Eu?*(1.0 mole%),Ho**(3.0 mole%) after
337.1-nm excitation.
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transfer mechanism as electric dipole—di-
pole interaction is obtained by plotting the
transfer rate versus the square of the total
concentration of doping ions as shown in
Fig. 8. The fact that w varies linearly with
the square of the concentration is consis-
tent with the square of the concentration is
consistent with the predictions of dipole~
dipole interaction (14).

Spectra of BaYFs: Eu?t ,Ho**

The room-temperature fluorescence
spectra of BaYFs: Eu?*,Ho** after pulsed
laser excitation at 337.1 nm is shown in Fig.
9. The broad band in the 380 nm spectral
region is associated with the d—f transition
of Eu?*. The major emission from Ho** ap-
pears in four spectral regions: 478—497 nm
(°F3-%1); 530-560 nm (3S,-Ig); 635-663 nm
(°F5-°1; and °Fs-"I5); and 746-764 nm (’1,-
3Tg).

The room-temperature excitation spectra
of the 541 nm Ho** emission line for BaYFs
samples with and without Eu?* are similar
to that of BaYFs:Eu?t,Er**. The broad
band associated with the f—d absorption
transition of Eu?* appears in the excitation
spectrum of Ho? which shows the presence
of energy transfer from Eu?* to Ho3*.

Figure 10 shows the change in the rela-
tive intensities of the Eu?* and Ho** fluo-
rescence emission as a function of Ho**
concentration. The Eu?* emission is
quenched by the addition of Ho** due to
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Fi1G. 10. Relative intensities of the Eu?* (385 nm)
and Ho’* (541 nm) emissions at room temperature in
BaYF;: Eu?* (1.0 mole%),Ho** (x mole%) as a function
of x.

energy transfer. The Ho** emission inten-
sity increases up to a concentration of
about 3 mole% due to increased energy
transfer from the Eu®*. At higher concen-
tration levels Ho?* concentration quench-
ing occurs. The Eu?* fluorescence decay
time is also quenched by the addition of
Ho**. The values of these lifetimes are
listed in Table 1I.

The quenching of the Eu?* fluorescence
intensity and lifetime by the addition of
Ho?* is due to the transfer of energy from
the former to the latter type of ion. Using

TABLE II
Eu?*—Ho** DECAY TIME AND ENERGY TRANSFER PARAMETERS (300 K)

Sample
(mole %) T(s)
t(us)

Fu Ho Fu Ho Ho 7 s Ry(A)
1.0 1.0 0.34 0.32 0.94 9.8
1.0 3.0 0.30 102 13.5 0.40 1.33 5.7
1.0 5.0 0.26 0.48 1.85 5.3
1.0 10.0 0.20 0.60 3.00 53
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Fi1G. 11. Temperature dependences of the fluores-
cence lifetimes (circles) and rise times (squares) of
Ho’* in BaYF,: Eu2+(1.0 mole%),Ho’*(3.0 mole%) af-
ter 337.1 pulsed excitation.

Egs. (5) and (6) the transfer rate and effi-
ciency can be determined and these are
listed in Table II.

The decay profiles of the activator ions
excited through energy transfer exhibit an

| ¢arb.units )
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FiG. 12. Change in the Eu** decay patterns as a
function of Ho?* concentration at room temperature in
BaYF;:Eu**,Ho** crystals containing 0.01 mole%
Eu?* and Ho?* concentrations of (1) 0.0 mole%; (2) 1.0
mole%; (3) 3.0 mole%; (4) 5.0 mole%; and (5) 10.0
mole%. (See text for explanation of theoretical lines.)

initial rise followed by a single exponential
decay. The temperature dependences of the
fluorescence decay times and rise times of
the Ho? are shown in Fig. 11 and the room-
temperature values are listed in Table II.
The measured rise times are again an order
of magnitude larger than those predicted
theoretically using Eq. (4) and the mea-
sured energy transfer rate for W,. As be-
fore, we attribute this to a bottleneck in the
radiationless relaxation processes due to
weak multiphonon emission processes in
this type of host crystal. However, the
shape of the temperature dependence of the
fluorescence lifetime can not be fit by using
Eqgs. (1) and (2) and thus the various param-
eters describing the relaxation processes
cannot be determined. The different shape
for the curve of the fluorescence lifetime
versus temperature may be associated with
the interaction between Ho?' ions which
occurs at the concentration present in this
sample. This interaction may have an addi-
tional temperature dependence associated
with it which contributes to the observed
results.

The decay profiles of the sensitizer ions
in the presence of activators are nonex-
ponential due to energy transfer. These are
shown in Fig. 12 for different activator con-
centrations. The curves are fit by the pre-
dictions of Eq. (7) assuming electric dipole~
dipole interaction. The values of the critical
interaction distances found from this proce-
dure are listed in Table II. The transfer effi-
ciency, transfer rate, and critical interac-
tion distance for Eu’*-Ho** energy
transfer are smaller than the parameters
found for Eu?*-Er?** energy transfer. This
is due to the difference in spectral overlap
for the two systems.
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